There are worldwide efforts to search for physics beyond the Standard Model of particle physics. Precision experiments using ultracold neutrons (UCN) require very high intensities of UCN. Efficient transport of UCN from the production volume to the experiment is therefore of great importance. We have developed a method using prestored UCN in order to quantify UCN transmission in tubular 
Introduction
Ultracold neutrons (UCN) are defined via their unique property of being reflected under any angle of incidence from the surface of suitable materials with high material optical potential V F (Fermi potential) [1, 2] . This is only occur-ring for neutrons with very low kinetic energies in the neV range, corresponding to velocities below 7 m/s or temperatures below 3 mK. Hence their name "ultracold". Well-suited materials are e.g. stainless steel, Be, Ni, NiMo alloys or diamond-like carbon which display total UCN reflection up to their respective V F of 190, 252, 220 or 210 -290 neV, respectively [1, 2] . Closed containers of such materials can confine UCN and serve as UCN storage vessels. Evacuated tubes or rectangular shaped guides made of or coated with materials of high V F can be used to transport UCN over distances of several meters.
The ultracold neutron source at PSI [3] [4] [5] [6] [7] is now in normal operation. About ten meters of neutron guides are necessary to transport UCN from the intermediate storage vessel to one of the three beam ports, traversing the several meter thick biological shield. The UCN guides, made from coated glass or coated stainless steel, are housed inside a stainless steel vacuum system. High vacuum conditions are required in order not to affect the UCN storage and transport properties.
The main thrust for the construction and operation of high intensity UCN sources [8] comes from the needs of high precision experiments like the search for a permanent electric dipole moment of the neutron [9] [10] [11] . Efficient transport of UCN from production to the experiment is a necessity. In addition, installation of the guides is a complex and lengthy procedure. Moreover, the replacement of a guide would cause a long shutdown. Therefore, it was decided to install only UCN guides tested with UCN and with known good UCN transmission. We have developed the prestorage method, described in section 2, which allowed us to perform a quality check on UCN guides and a quantification of the UCN transmission properties before final installation.
UCN transmission
Ignatovich [2] dedicates a long chapter in his book to "Transporting UCN"
and gives the definition of UCN transmission as "the transmission of a neutron guide is the ratio of UCN flux at the output to the flux at the input". This is applicable when regarding continuous UCN sources and continuous experiment 2 operation. In storage type experiments, when an experimental chamber has to be filled within a given time period and using a UCN source with UCN intensity decreasing with time, the integrated number of UCN and the UCN passage time is relevant. In our method the transmission of the time-integrated counts will be studied instead of the flux transmission.
Independent of the materials used, UCN transmission increases with guide diameter and decreases with guide length L. For comparison between different types of guides the normalized transmission per meter (T norm ) is used. The total guide transmission T then follows as:
(1) Fig. 1 shows the calculated behavior of the UCN transmission with increasing guide length for normalized UCN transmissions in a realistic range for good UCN guides. A length of about 10 m is necessary at the PSI source to pass the biological shielding. Fig. 1 demonstrates the importance of even small improvements in UCN transmission for such long installations. In general, the properties of the materials and UCN exposed surfaces, are decisively separating the good and the bad guides.
In the past, various measurements have been made to define and measure the properties of UCN guides with early attempts summarized in [2] . The topic is also treated in recent publications [12] [13] [14] [15] [16] , but experiments have notoriously been difficult with results not-necessarily transferable to other measurements.
Problematic issues were necessary assumptions on neutron flux, neutron energy distribution, detector efficiencies, and reproducibility of installations concerning e.g. small gaps in the setup causing UCN losses.
Assuming a single number for UCN transmission is a simplification as the transmission probability depends on the kinetic energy and angular distribution of the neutrons. Furthermore, it is important to know how fast UCN traverse the guide, i.e. how fast one can fill an experiment on the exit side, which directly correlates to specular reflectivity and integral transmission. In principle it would be possible to repeat our measurements with monoenergetic UCN with a more The main parameters which define the neutron transmission of a UCN guide can be summarized as follows:
• Surface roughness: The total reflections of neutrons from surfaces can be classified in specular reflections, where the angle of incidence is co-planar and equals the reflection angle and diffuse reflections, where the reflection angle is independent of the incident angle and follows a cosine distribution with respect to the perpendicular direction [1] . This simple view is valid for roughness values much larger than the neutron wavelength. For very low roughness, e.g. for highly polished copper or coated glass surfaces [17] , diffraction effects become important and the probability of diffuse reflections will depend on the incident angle and neutron elocity (see also [2] ).
The influence of surface roughness on UCN reflection has been studied recently in detail using flat plates as reflector [18] . High UCN transmission is obtained with negligible diffuse reflections. which results in a short passage times for the UCN through the guide. Hence, low surface roughness is a main quality criterion with glass being the preferential material.
• Material optical potential V F : The coherent neutron scattering length and material density defines the absolute value of V F which determines the energy range where total UCN reflection under any angle of incidence occurs [2] . A high value of V F therefore allows to transmit UCN with higher energies and hence increases the UCN intensity.
• Neutron losses via material interaction: UCN reflect from surfaces at any angle of incidence in case their kinetic energy is below V F . As described by an imaginary part of the potential [1] , there is a small probability that the UCN undergoes nuclear capture during reflection due to the neutron wave-function which slightly penetrates the surface barrier. The UCN losses are therefore energy dependent.
In addition, the UCN can also inelastically scatter from surface atoms or impurity atoms sticking to the surface [19] . Wall temperatures always exceed UCN temperatures, causing UCN acceleration out of the UCN regime via phonon scattering. The overall loss due to these surface effects can be parametrized by a "loss-per-bounce" coefficient as a ratio of the imaginary and real parts of the optical potential. This coefficient is independent on kinetic energy. From this and the kinetic energy of the UCN one can calculate the loss per bounce probability µ by using Eq. (2.68)
in [1] . An energy-averaged loss per bounce probability µ av can be estimated by transmission measurements. For the extraction of the loss-per bounce coefficient one needs to know the energy spectrum and the angular distribution of the UCN.
• Gaps: The passage of UCN through a guide can be regarded similar to the propagation of an ideal gas. Gaps and holes, necessary e.g. for vacuum pumping, represent direct loss channels during UCN transport according to their relative surface area. In addition, areas of low V F which are directly visible to UCN also represent leaks, e.g. at positions where surface coating is missing. Avoiding gaps and holes is therefore of great importance in order to achieve a high UCN transmission. 
The prestorage method to determine UCN transmission
The setup for the prestorage measurement is sketched in Fig.2 [2] . After a sufficiently long storage period -of tens of seconds -this peak is largely reduced.
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A similar approach to determine guide transmission was followed by [20] for a longer and geometrically more complicated UCN guide. This measurement and analysis was criticized by [2] as an invalid method. The criticism is based on the fact that the prestorage vessel in the experiment was emptied through a small orifice, thus, the experiment was mainly comparing the storage time of the vessel, the outflow time and the measurement time. The fact that in our case the geometry is much simpler, i.e. the diameter of the UCN guide is not reduced in comparison to the storage vessel and there are no bends in the setup, makes the method primarily sensitive to the UCN transmission of the guide. Besides a simple analysis, our measurements can be used to tune Monte
Carlo simulations in order to describe realistic guide performances [7, 21] .
Experimental setup
Our experiment was carried out at the PF2 facility of the Institut LaueLangevin (ILL) using the EDM beamline of the UCN-turbine [22] . UCN are typically guided from the turbine port towards the experiment using electro- The measurement setup consists of a prestorage unit and a detection unit, which both remain unchanged during the measurements. In the calibration measurement a stainless steel adapter connects these two units (Fig.2a ). An of the detector to convert UCN to two charged particles (α and 7 Li). These particles ionize the detector gas 7 . The charge is amplified by the GEM foils and detected by a pixelated readout structure. The sensitive area of the detector covers the inner diameter of the glass guides [7] .
Measurement sequence
Our standard sequence for transmission measurements has the following scheme: Heidelberg, Germany 6 CDT CASCADE Detector Technologies GmbH, Hans-Bunte-Strasse 8-10, 69123 Heidelberg, Germany 7 Typically we used as counting gas Ferromix, a mixture of 18% CO 2 and 82% Ar. 
Shutter properties
The large VAT shutters used have opening/closing times of about 1 s. The prestorage method is sensitive to the precise timing of shutter operations. We therefore measured the timing properties and the shutter opening function which influences the path of the UCN and their arrival at the detector. reflecting an excellent reproducibility of the opening and closing times.
The opening of the shutter also partially obstructs the path of the UCN during the movement, which is reflected in the opening function. We used a bright lamp and a camera for the measurement of the light transmission passing or deflecting on the intercepting shutter parts, supposing a comparable opening function for light and UCN. 
Calibration setup
The standard calibration setup is used to determine the UCN transmission through the setup without a test guide. The detection unit is connected to the prestorage vessel using a special adapter, a 60 mm short stainless steel piece. In order to optimize the transmission properties for the UCN and to minimize the influence of this adapter on the measurement, it was made as short as possible and the inner surface was hand-polished.
In addition, the standard setup was modified in such a way that shutter 3 and the stainless steel adapter were removed. By comparing the results from the standard calibration measurement and the modified calibration measurement one obtains the influence of the stainless steel flange on the total count rate. In section 3.3.1 we show these measurements agree within statistical uncertainties. Hence, the influence of the adapter can safely be neglected.
Setup for transmission measurement
A photo of the setup installed at the ILL EDM beamline for the transmission measurements is shown in Fig.7 . The test guides were mounted in a custom vacuum housing between shutters 2 and 3. As all the guides were designed to be installed at the PSI UCN source short adapter pieces had to be manufactured in order to connect the guides to the VAT shutters in the transmission measurements. All adapter pieces were made of stainless steel with a maximal length of 40 mm. The inside surfaces which act as neutron guides were hand polished to have negligible influence on the transmission measurements.
Care was taken to minimize any possible gaps between guides and adapters.
Two flexible bellows at both ends of the vacuum housing setup allowed to adapt the vacuum housing length to the total guide and adapter length. Table 1 states names, lengths and materials of the measured guides. Their names refer to the subsequent placement at the PSI UCN source which is shown in Fig.9 . The given guide lengths include the stainless steel end flanges which are permanently glued to the glass guide [27] to allow for a stable connection and minimal gap widths between various parts in the final installation at PSI.
In addition, the total length includes the additional stainless steel adapter. Due to the large dimensions of the setup and the high weight of the components, accurate alignment was critical in order not to damage the equipment.
The prestorage unit, all vacuum vessels for the tested guides, the VAT shutters, and the detector unit were all mounted on custom made carriages that could be moved on a Hepco GV3 rail system 8 . Thus, a precise alignment of the components with respect to each other could be achieved.
All measurements were performed at vacuum pressures below 10 −3 mbar. The green vessel displays the container for the solid deuterium used for UCN production. All the shown parts are contained in a large vacuum tank [5, 6] 
Optimization of the measurement
To investigate and optimize the experimental conditions systematically it is useful to divide it into three steps which are repeated several times in a cycle:
1. Filling UCN into the prestorage vessel.
2. Storing UCN in the prestorage vessel.
3. Releasing the UCN out of the vessel via the test guide to the detector.
In order to start every measurement from the same initial conditions shutters 1 and 2 were closed before step 1. Triggered by the turbine signal the opening of shutter 1 started the filling phase, thus allowing the UCN density in the storage vessel to build up. Shutter 1 closed after the filling time. During the subsequent storage phase the UCN energy spectrum shifts to a lower mean value due to velocity dependent losses, i.e. for UCN energies larger than the material optical potential of the material trap and because of losses on the material surface (loss-per-bounce) at different bounce rates [1, 2] .
Once the storage time had elapsed, shutter 2 was opened, allowing the remaining UCN to move freely in the combined volume of the prestorage vessel, the test guide, and the detector unit where they are counted. Although, most UCN penetrate the AlMg3 detector window, a small fraction is initially reflected and may be counted at later times.
Filling time
In order to maximize the amount of UCN per cycle the filling time of the prestorage vessel was optimized. We define the filling time between the beginning of the filling process, i.e. the signal from the turbine, and the electronic signal to the shutter triggering its closing motion. After a scan of different shutter 1 closing times 30 s was chosen as the working point for all measurements.
In order to understand possible systematic effects in the filling phase, one has to pay attention to the fact that the UCN turbine at ILL is a multi-user facility [22] . It serves three main beam ports sequentially, i.e. there is a UCN guide inside the turbine which is moved by a stepping motor towards the port that has requested UCN. Once the guide is pointed at one port, the user working at that port obtains an electronic signal to confirm the guide position. However, the UCN density in the guide-part up to the port builds up with time, thus, making the UCN density up to shutter 1 a function of the position of the distributing guide prior to the electronic signal.
In the process of the data analysis we noticed a difference in the number 
Storage time
The duration of the storage phase determines the shaping of the energy spectrum of the UCN that will be measured.
To quantify the storage properties of the prestorage vessel the storage time constant (STC) was determined from a single exponential fit to the data. We define the storage time to be the time that elapses between the electronic signal closing shutter 1 and the signal opening shutter 2. Figure 10 shows the measurements together with a single exponential fit resulting in a STC of 18.5±0.5 s.
The storage curve is rather poorly defined by the fit because it neglects the energy dependence of UCN storage. However, for an estimation of the systematic In order to check for systematics and long term drifts the calibration setup was (re)assembled and measured at several occasions throughout the campaign.
The results from the measurements performed on the 17.04. and 23.-24.04., as shown in Fig. 12 , differ by 0.4% in the mean number of UCN counted per cycle. Fluctuations of UCN intensity due to changes in cold source performance or reactor power of 0.5% are not unusual. In between the two measurements the entire setup, except the detection unit, was taken apart and reassembled. Averaging over all calibration measurements performed on April 17, 23, and 24, one obtains a mean number of 78292±68 UCN per calibration cycle used in the further analysis.
Transmission measurements of glass guides
All measurements were taken with the Cascade-U detector in time-of-flight (TOF) mode, i.e. the slow-control started the detector one second before shutter 2 was opened. The emptying curve of the experiment was recorded with a time resolution of 1 ms and re-binned by a factor of 10 in the analysis. becomes less steep; the falling edge becomes longer with the length of the guide.
Transmission measurements of stainless steel tubes
The first meter of each of the three UCN guides at the PSI UCN source, dubbed "TA", is made of hand-polished and NiMo coated stainless steel [5, 7] . It also contains a DLC-coated UCN butterfly valve shown in Fig.8 which can control the neutron flux towards the experimental area. Two of the three stainless steel units (West 1 and West 2) were tested at ILL in the same way as the guides. The measurements were done twice for each unit with varying tilt angle of the UCN valve. Figure 14 shows the dependence of the UCN counts on the angle of the UCN butterfly valve.
It is interesting to see that up to a tilt angle of ∼45°, the decrease of the UCN counts only amounts to ∼10%, while the "covered" cross-sectional area at this angle corresponds to about 70% of the entire guide. Even when fully closed a few percent of UCN leak through the not perfectly closing valve.
Statistical errors are smaller than the symbol size. The line is for eye-guiding only.
Normalized UCN transmission
To allow for a quality check of the guide's surfaces and coatings and a better comparison between the individual guides, the transmission per meter of guide T PM is calculated as follows:
where Counts Guide and Counts Calibration are the mean total number of counts detected per measurement cycle with the test guide or the calibration setup respectively, and L is the length of the tested guide in meters.
Results and Discussion

Results from the individual measurements
All measurements were taken in the time-of-flight mode, however, the transmission is calculated from the mean total of UCN counts in a given setup, i.e. the integral of the TOF spectrum. the statistical uncertainty. The last column states the number of cycles used for the calculation of the mean and standard deviation. The larger cycle numbers occurred in undisturbed overnight runs. Table 3 shows the results from the stainless steel guide measurements.
Estimate of the systematic uncertainties
There are several sources for systematic uncertainties in this experiment.
• The timing uncertainty can be estimated conservatively from our mea- The difference in calibration counts points towards a different performance of the UCN turbine or feeding line, as the reactor power was within 0.5% the same as in April.
• As described in section 3.1 the effect of the turbine UCN guide moving to different positions imposes a relative uncertainty of 0.007 on all measurements. However, this is an upper limit as the measurements typically average over several different positions of the turbine UCN guide.
• The relative systematic uncertainty arising from the duration of the UCN storage amounts to 4·10 −4 (Sec. 3.2).
• We estimate the relative systematic uncertainty from the reproducibility of the calibration measurement from Fig. 12 to be on the order of 0.004.
• Due to the fact that the glass tubes used are not machined to very high precision, gaps with typical sizes of 0.1 to 0.2 mm, occurred in the guide measurement setup. Accurately measuring the impact of those gaps on the UCN counts is very difficult. In Sec. 3.3.1 it was demonstrated that a 60 mm stainless steel adapter and a complete VAT shutter can be removed without affecting the number of detected UCN, hence, we concluded that estimated gaps outside the storage vessel of about 0.5 mm, over the entire circumference of the guide, have a negligible influence on our transmission result.
• The reactor power is monitored and was stable to ∼0.2% over the measurement period. Hence, the influence on the measurement results is neg- ligible.
After carefully analyzing the data, we quote the results with separate statistical and systematic uncertainties. The systematic uncertainty is dominated by the turbine positioning. All relative contributions summarized in table 4 were added quadratically (0.0081) and then increased to 0.0085 for a conserva- The total length of guide, valves and adapters are almost exactly 1 m.
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Summary
We have developed and used a prestorage method to determine UCN transmission of tubular UCN guides.
Most importantly, the measurements provided a quality control for the UCN guides prior to their installation at the PSI UCN source.
The results show excellent UCN transmission of the investigated guides. The measurements have shown that all guide tubes have transmission values above 95% per meter. The glass guides, which are dominantly used in the PSI UCN source, have transmissions above 98% per meter.
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